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We report the observation of a transient spectral feature in a dual-channel arrangement for electromagnetically
induced transparency in a vacuum Rb vapor cell, which is caused by consecutive interactions of atoms with
the two laser beams while their ground-state spin coherence are preserved. Despite a relatively small fraction
of atoms that are participating in this process, their contribution to the overall line shape is not negligible and
can be controlled by adjusting the relative phases between the optical fields in the two interaction regions. We
also demonstrate that, thanks to the extended spin coherence evolution time, such differential intensity measure-
ments can produce an error signal for the microwave frequency stabilization that is as strong as single-channel
measurements. Additionally, the effective cancellation of the intensity noise, which dominates the single-channel

detection, results in more than an order of magnitude higher signal-to-noise ratio.
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1. INTRODUCTION

Two-photon Raman resonances in Rb atoms provide an all-
optical access to long-lived spin coherences and enable the
realization of the strong coupling regime between light and en-
sembles of room-temperature atoms [1,2]. Such interactions
lead to strong enhancement of non-linear properties necessary
for realization of atom-based quantum information compo-
nents, such as quantum memories [3,4], quantum network
nodes [5,6], and sources of squeezed and entangled light
[7,8]. At the same time, the resulting spectrally narrow optical
transmission and absorption resonances are widely used in pre-
cision metrology, for example, in atomic clocks [9-11] and
magnetometers [12—14]. All these applications benefit from
the longer atomic spin coherence time, which for the thermal
atomic ensembles is often limited by the interaction time of
moving atoms with the laser beam, since unavoidable collisions
with the walls of a vapor cell completely dephase any light-
induced spin coherence [15]. There are several strategies to re-
duce the spin decoherence rate, such as coating inner cell walls
with a special anti-relaxation coating [16,17] or introducing an
inert buffer gas to increase the interaction time as atoms slowly
diffuse through the laser beam [18]. However, each method
brings their complications, for example, collisions with the
buffer gas also broaden and shift optical transitions, increasing
the environmental sensitivity. Plus, some two-photon resonan-
ces are degraded by the strong collisional depolarization
of the optical excited state, thus deeming the use of a buffer
gas impractical.
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Here we demonstrate an experimental arrangement, which
we call a transit Ramsey electromagnetically induced transpar-
ency (TREIT) effect, where we take advantage of the ballistic
motion of Rb atoms between two identical illuminated regions
to extend the useful evolution time of the spin coherence and
thus to obtain an additional narrow spectral feature within a
usual two-photon transmission resonance. Each interaction re-
gion consists of two optical fields near the two-photon resonant
conditions, shown in Fig. 1(a), responsible for electromagneti-
cally induced transparency (EIT) [19], or, as it is often alter-
natively referred to, coherent population trapping (CPT)
[10,11,20]. While the majority of atoms interact only once
with each laser beam before hitting the cell wall, a group of
atoms can traverse both beams with their spin coherence intact,
as depicted in Fig. 1(b). These atoms experience the conditions
similar to the original Ramsey experiment [21], as they undergo
two consecutive interactions with the laser fields, separated by a
free evolution region. This arrangement is also a spatial equiv-
alent of Raman—Ramsey CPT experiments [22—24], as the spin
superposition state, prepared in the first beam, is allowed to
evolve in the dark before interacting with the second beam.
As a result, we observe an additional interference-like feature
on top of the regular single-channel EIT resonance, shown
in Figs. 1(c) and 1(d). The spectral narrowing associated with
such multi-zone interactions has been investigated in the case of
degenerate Hanle magneto-optical resonances [25-27].

The TREIT effect, based on the hyperfine spin coherence,
allows realization of a differential detection scheme that
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Fig. 1. (a) Schematic EIT level diagram. (b) Simplified geometry of the two-channel transient EIT setup. The arrows in the circles indicate the
dark state phases of two atoms traveling symmetrically between the beams. For this illustration we set the phase between the two EIT optical fields to
be zero in the first beam and ¢y # 0 for the second beam. In case of the non-zero two-photon detuning § = @, - @y - Aygs, the dark state phases
of both atoms evolve by ¢p5 = & - 7 after 7 transit time between the two beams, resulting in the difference in the optical response during the repeated
interrogation. (c) Examples of the optical transmission for a single-channel EIT (i) and for the intensity difference between the two channels (ii).
Both signals are normalized to the peak EIT transmission in one channel. Small non-zero background in the differential signal is due to imperfect
match of the laser beam diameters in the two channels. (d) Same signals recorded using the phase-sensitive lock-in detection.

strongly suppresses the intensity noise, common for both
beams. Since the adjustments of the relative phases between
the two optical fields allow us to independently control the
phases of the spin coherence in each interaction region, it is
possible to maximize the difference between the TREIT fea-
tures in two channels, so that only they are contributing in
the differential intensity signal. We found that even though
only a small fraction of atoms interacts with both laser beams,
their extended coherence evolution and, consequently, the nar-
rower spectral width makes TREIT contribution comparable
with the single-channel resonance, especially in the case of
the phase-sensitive lock-in detection. At the same time, the can-
cellation of the intensity noise in this detection scheme results
in significantly improved signal-to-noise ratio (SNR).

The potential applications for the TREIT effect, however,
are not limited by the improved metrology. For example, it can
be used to increase the useful lifetime of atomic spin coherence
in the situations when using a buffer gas or anti-relaxation
coating is impractical, e.g., in ultra-thin vapor cells [28,29].
The two-zone detection can also be used to unintrusively probe
the coherence properties of atoms outside of the main interac-
tion region, or to carefully characterize the extent of the
spin coherence migration in any dual-rail or multiplexed
experimental arrangements, commonly used in quantum optics

[3,30-32].

2. EXPERIMENTAL ARRANGEMENTS

The schematic of the experimental setup is shown in Fig. 2. To
create the two optical fields for the EIT resonance, we used a
vertical cavity surface-emitting diode laser (VCSEL) operating
at the Rb D, line (794.7 nm), current-modulated at the fre-
quency of the ¥Rb ground-state hyperfine splitting v,¢ =
Ayps + 6, where Appg 2~ 6.834 GHz. We locked the carrier
frequency of the laser to the 581 ,F =2 — 5P ,F =1

VCSEL 6.8 GHz

10kHz
< <= Lock-in

1
: Delay Stage

1 87Rb Cell +
: Magnetic
I

Qwp Ll
Shielding PD2

PBS HWP BS HWP PBS RRd

Fig. 2. Schematic of the experimental setup for the differential de-
tection. For a single-channel measurement one of the beams is blocked
before the cell. See text for abbreviations.
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optical transition with dichroic atomic vapor laser lock
(DAVLL), so that the +1 modulation sideband, containing
~20% of the total laser power became resonant with the
581,F =1 = 5P;,,F" = 1 wansition, forming a A system,
shown in Fig. 1(a). A detailed description of the VCSEL cur-
rent modulation and DAVLL arrangements can be found
in [33].

After passing through the optical diode, the VCSEL output
with a maximum total power of 300 uW was split into two
beams using a non-polarizing beam splitter. While the trans-
mitted beam (Ch1) passed directly forward, the reflected beam
(Ch2) was directed toward a delay line, consisting of a retro-
reflecting prism mounted on a translation stage, before being
reflected by a mirror to travel parallel to the first beam at a
separation of ~#5 mm. Moving the prism allowed us to adjust
the relative phase between the zeroth and the first modulation
sidebands inside the Rb cell in the second channel:

¢ur = 272/ Agp, (1)

where Az is the additional path length in the delay stage, and
Are = ¢/ Ayrs is the wavelength of the resonant frequency be-
tween the two hyperfine states. For this experiment we used the
lin||lin EIT configuration [33,34]. A polarizing beam splitter
placed before the Rb cell ensured the identical linear polariza-
tion of all optical fields in both channels. A half-wave plate and
a quarter-wave plate before and after the non-polarizing beam
splitter allowed us to precisely balance the laser power in two
channels. At the cell location, both laser beams had almost
identical slightly elliptical Gaussian profiles: the measured
1/¢* radii in the first channel were 0.72 mm and 0.75 mm,
and in the second channel they were 0.74 mm and 0.72 mm.

Both beams then passed through an evacuated cylindrical
Pyrex cell (length 75 mm, diameter 22 mm) containing isotopi-
cally enriched ¥ Rb vapor, heated to 44.5°C. The cell is
mounted inside a three-layer magnetic shielding to suppress
stray magnetic fields to the level below a few wG and to ensure
negligible Zeeman splitting of the magnetic levels. Then, the
transmitted light intensities in both channels were detected
using two identical photodiodes, PD1 and PD2, that can be
operated in the differential mode. We have also recorded
the output of the lock-in amplifier by superimposing an addi-
tional 10 kHz frequency modulation on the 6.834 GHz
VCSEL RF modulation signal.

3. TRANSIENT RAMSEY RESONANCE
OBSERVATION

To understand the TREIT line shape one needs to consider the
relative phase between the two optical fields, forming a two-
photon EIT resonance [in our case, the carrier and the first
modulation sidebands of the VCSEL laser, as shown in
Fig. 1(a)]. While locally the two optical fields are nearly per-
fectly phase coherent, the value of their relative phase changes
as the beams propagate, thanks to their frequency mismatch, at
a rate given by Eq. (1). Thus, if the two beams travel unequal
paths before entering the cell, the exact expressions for the
atomic dark state in each beam will reflect the acquired phase
difference, as illustrated in Fig. 1(b). For example, if we set the
relative phase between two EIT fields as zero in the first beam

and A¢yr in the second beam, we can write the expressions for
the unperturbed EIT dark states independently formed in each
channel:

[D1) (2 = 0) = (€4]6) - Qle)) /Q,
|D,) (2 = 0) = (&]6) - P Q) /Q, 2

where € and Q, are the absolute values of Rabi frequencies for

the two EIT transitions, and Q = \/Q(z) + Q2 is the normali-
zation coefficient. In the case of zero two-photon detuning
(6 = 0) the optical response of the atoms, prepared in the dark
state in one beam and then probed by another, is symmetric for
both beams. However, a small two-photon detuning & breaks
this symmetry, since during the transit time 7 between the two
interactions the relative phases of the both dark states evolve by
the same amount 6 - 7:

D) = 7) = (Qi16) - €7 Q|c)) /.
D) (2 = 17) = (Q]6) - P H07Q[c)) /Q, 3

causing the difference in optical responses depending on with
which beam the atoms first interacted.

We can experimentally verify the significance of the EIT
phase difference between the two beams by controlling the
beam path for the second channel using a delay stage.
Figure 3(a) shows the differential lock-in signal for the different
delays. It is easy to see that it is possible to adjust the relative
delay to almost perfectly match the EIT resonances in each
channel (the small residual signal is due to small laser beam
disbalance in two channels). However, by changing the delay
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Fig. 3. (a) Differential lock-in signals as a function of the two-
photon detuning for different relative prism position. Laser power in
each channel is ~50 pW. (b) Theoretical simulations of the lock-in
readout of the differential TREIT signal using Eq. (4), assuming the
beam diameter 0.8 mm, the distance between the beams 5 mm, optical
Rabi frequency Q; = 27 -8 MHz and Q; = 27 -3 MHz.
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one can maximize the contrast of the TREIT signal between
the two channels.

We can qualitatively confirm such behavior using a repeated
interaction model developed in [35,36] to describe the optical
response of atoms after two consecutive interactions under EIT
conditions. Generalizing this expression for the two regions
with identical absolute values but different in phase EIT fields,
we can describe the differential signal for a given travel time
between the two beams 7 as

Q|
M) & 5
x sin[6(2¢,, + 7) + tan"!(§/T)], (4)

where I is the power-broadened single-channel EIT linewidth
and 7, is the transit time of an atom through the interaction
region. Here we neglect the intrinsic ground-state decoherence
rate, which in our experiment is limited by the rate of the
collisions with the cell’s walls and is much smaller than 1/7.

Figure 3(b) shows the results of numerical simulations for
the differential lock-in signal, averaged over the transverse
Maxwell-Boltzmann velocity distribution of atoms v, . In this
case each velocity group gives a weighted contribution into
the overall optical response with its own transit time value
7(vy) = d/v,, where 4 is the distance between the two beams.
Despite many simplifications of the model (such as assuming
optically thin medium, neglecting the Doppler broadening of
optical transitions, and not taking into account the longitudinal
motion of the atoms), the general features of the model predic-
tions nicely match the experiment: we observe the maximum
lock-in differential signal at zero two-photon detuning for
¢ur = £7/2, and the TREIT feature disappears for ¢y = 0.
Since in the calculations we assume only transverse motion of
the atoms for simplicity, we somewhat underestimate the aver-
age transit time between the two beams, which leads to a small
difference in the oscillation periods between the experimental
and calculated signals.

-2z,

e sin ¢HF

4. SIGNAL-TO-NOISE ANALYSIS

Many EIT-based measurements suffer from the residual inten-
sity noise, especially if broadband lasers, such as VCSELs, are
used to excite optical transitions [37]. Several differential EIT
schemes, e.g., based on magneto-optical rotation [38—41] or
polarization selection rules [42], have been proposed recently
to suppress the common-mode intensity noise while maintain-
ing high-contrast EIT resonant features.

Our observations suggest that the TREIT signal may also be
applied to reduce the intensity noise and thus boost the signal-
to-noise ratio. Simple visual comparison of a single-channel
EIT and TREIT signals in Fig. 1(d) shows a strong noise sup-
pression in the differential signal. To quantify this observation,
we measured the slope of each lock-in signal near zero two-
photon detuning at the point where it crosses zero, as this slope
determines the strength of the potential feedback error signal
for the microwave frequency stabilization. A potential compli-
cation for the current detection method is that the lock-in zero-
crossing frequency is shifted with respect to the exact atomic
resonance. This may not be a problem for relative frequency
measurements, but if such shift is not desired, it can be

eliminated by employing the feedback scheme that oscillates
between the two central zero-crossing locking points, thus ef-
fectively canceling the shift in the averaged frequency output.
Alternatively, the second-harmonic error signal can be used.

The measured slope as a function of the laser power is plot-
ted in Fig. 4(a). It is easy to see that both EIT schemes give
comparable results. A single-channel EIT performs better at
lower laser power, likely due to the reduced power broadening,.
Higher laser power, however, improves the optical pumping of
atoms into the dark state, thus increasing the number of atoms
contributing to the two-beam interactions. In addition, the
Ramsey interrogation schemes are known to be less sensitive to
the power broadening during the evolution in the dark period
[22,23]. Thus, not surprisingly, the measured slope of the
TREIT signal surpasses that of the single-channel EIT at higher
laser powers.

At the same time, the comparison of the measured noise
levels, shown in Fig. 4(b), clearly demonstrate the advantage
of the differential detection, as we see more than an order
of magnitude noise reduction for the differential TREIT signal.
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Fig. 4. Comparison of the one-channel EIT and TREIT perfor-

mance. (a) Slope of the error lock-in signal for each optical channel
and for the differential signal at the corresponding zero-crossing
detunings. (b) Lock-in noise measured at zero-crossing two-photon
position. Horizontal line shows the dark electronic noise level.
() Signal-to-noise ratio (defined as slope of the error signal divided
by the measure noise). For the differential measurements the average
power between the two channel is used.
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In fact, we were unable to accurately measure the TREIT noise
for the lowest laser powers, as it fell below the technical noises
of our detector. This is due to the cancellation of the common-
mode intensity fluctuations under the TREIT detection, that
dominate the noise in a single-beam detection.

The resulting SNR for both schemes is shown in Fig. 4(c).
Note that while the SNR for the single-channel EIT has a clear
maximum at approximately 30 pW of laser power due to the
known saturation of the EIT amplitude at higher powers [33],
the TREIT SNR remains relatively constant at high laser
powers, which may be an attractive feature for some applica-
tions, especially if one employs more complex beam geometries
to increase the number of atoms, participating in TREIT [27].

5. CONCLUSIONS

In this paper, we explored the possibility to effectively extend
the spin coherence evolution time for thermal atoms inside a
vapor cell by taking advantage of their ballistic motion between
two spatially separated identical optical channels, undergoing
consecutive Ramsey-like repeated interactions with the two
beams. We demonstrated that such prolonged evolution of
the spin coherence allows us to obtain a narrow differential sig-
nal on top of a regular EIT resonance, and showed that it is
possible to either cancel or enhance the differential optical sig-
nal by controlling the relative phase between the two EIT fields
in two regions, which sets the phase of the EIT dark states in
each optical channel. Despite the relatively small percentage of
atoms that fly through both beams before hitting the cell wall,
their contribution in the overall optical transmission signal is
not negligible and has to be taken into account for any experi-
ments using the dual-rail arrangement. For example, we ob-
served that when a phase-sensitive detection of the EIT
resonances is employed, the signal due to the TREIT contri-
bution is comparable to that of a regular EIT. At the same time,
TREIT detection may offer significant advantages in signal-to-
noise, as the intensity difference measurements suppresses the
common intensity noise without sacrificing the strength of the

feedback error signal.
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